Depth dependence of the source rupture duration of interplate thrust earthquakes is examined for seven subduction zones around the Pacific to explore variations in faulting properties. Multi-station deconvolutions of teleseismic P waves for moderate size earthquakes yield estimates of the source time function and centroid depth for each event. Analysis of 17 to 75 earthquakes in each region reveals a consistent trend of decreasing source duration (inferred from the source time functions, after correction for differences in total energy release) with increasing depth. Rupture duration patterns vary somewhat between subduction zones as well as along strike within a given zone, and the data have large scatter, implying significant variation in rupture processes along the interplate megathrusts, but the depth dependence appears to be robust. The rupture duration variations prompt consideration of two end-member models: 1) depth-dependent rupture velocity is caused by variations of rigidity of materials in the fault zone, while static stress drop is constant, and 2) static stress drop varies with depth while material properties and rupture velocity are constant. For the first model, the volumetrically averaged rigidity of the fault zone must increase with depth in each region by a factor of 5 between depths of 5 to 20 km. If rupture velocity is constant, the stress drop must increase by an order of magnitude over the same depth range. This systematic variation in rupture behavior with depth may reflect spatial variations in the amount, compaction and porosity of sediment in the fault zone, topography on the subducting plate, phase transitions in the fault zone materials, thermal structure of the megathrust, and varying presence of fluids in the fault zone. Such physical variations appear to control the physics of rupture propagation, leading to intrinsic dependence of rupture velocity on materials and fluids within the fault zone.
considered lateral variations in earthquake rupture and slab morphology along the Japan trench. Bilek and Lay [1998, 1999a] focus on earthquake rupture duration variations for shallow events in the Japan and Middle America subduction zones, finding that the shallowest events have anomalously long source durations in both subduction zones. Bilek and Lay [1999b] show evidence for similar behavior in other regions, and propose several possible mechanisms to account for this observation, involving physical attributes of the subduction zone such as roughness of the subducting plate, amount and type of sediment being subducted, thermal structure, and For the selected events, we obtain all available teleseismic vertical component broadband recordings from the IRIS data center with time windows appropriate for the direct P phase and associated depth phases (pP, sP) needed for accurate source depth determination.
Ground displacement traces are obtained by deconvolving the instrument response, and the P wave onsets are manually picked on each record. A multistation deconvolution method is then used to determine the source time function that represents the time history of seismic moment release from the source [Kanamori and Ruff, 1983; Ruff, 1989; Tichelaar and Ruff, 1991; Ruff and Miller, 1994] . The deconvolution method is based on computing synthetic P wave Green's functions for each event using the best double couple of the Harvard CMT solution for a model with a water layer over a uniform half space with a P wave velocity of 6.0 km/s.
We deconvolve the P waves by Green's functions generated for a range of 15-25 point source depths, obtaining source functions at each trial depth. The depth at which the deconvolution minimizes the misfit between the data and synthetic seismograms is preferred. While simultaneous inversion for a revised focal mechanism may reduce some uncertainties, it is not viable for most of our events given the limitations of the available P wave data. In general, tradeoffs between source mechanism and either source depth or source time function are not too severe for shallow thrusting events, and the CMT solutions are probably fairly robust for most of our events. The general processing sequence is shown in Figure 2 for an event in the Aleutian Islands region.
The stations used are well-distributed azimuthally from the source, which ensures a range of wave shapes and corresponding Green's functions that reduces the severe trade-offs between depth and source function. From the deconvolution procedure, performed for 23 depths in Figure 2 , we determine an optimal depth of 31 km based on the minimum in the misfit curve. The corresponding source function has a simple trapezoidal shape with a duration of 7 s, followed by some low amplitude oscillations. The latter oscillations are highly variable, and represent instabilities caused by accumulating inaccuracies in the Green's functions with lapse time into the signal. This event and the associated P wave signals are well characterized by the strong trapezoidal pulse, although there is intrinsically some subjectivity as to when the true source radiation was finished.
Figures 3-9 show final source time functions for all events in the 7 subduction zones. The panel for each event shows the source time function for the optimal source depth and our preferred depth and source duration. In some cases, the depth determination is robust, with a single distinct minimum in the misfit curve. However, in other cases, there are double or multiple minima in the misfit curves, or a range in depths with relatively uniform misfit. For these cases, we examine the source time function produced for each depth, and choose the depth which yields the simplest time function, with most of the moment released early in the signal [Christensen and Ruff, 1985] . The point-source time functions in Figures 3 to 9 further illustrate the difficulties intrinsic to measuring the time interval of source energy release. As in Figure 2 , the deconvolutions sometimes show significant amplitude oscillations after the main pulse of moment rate, or significant negative overshoot following the primary pulse. For the largest events, unparameterized spatial finiteness may contribute to these features, but their sensitivity to source depth suggests that inaccuracy of the later portions of the Green's functions is the primary Holding the focal mechanism constant is another source of possible error in the depth determinations, but tests of the effects of focal mechanism uncertainty indicate that the depth estimates are not very sensitive to small focal mechanism changes. The error bars that we assign to the depth estimates reflect these sources of error. The point-source assumption explicit in our deconvolutions clearly results in some averaging of spatial finiteness effects that may bias our source duration estimates. Estimation of source radiation duration from the source time functions involves an approximation that there is a simple rupture process that yields negligible directivity effect. As most of our events are of moderate size, and the deconvolution process emphasizes wave periods longer than 1 or 2 s, the directivity effects in teleseismic P waves are likely to be below the resolution of our measurements in almost all cases. The good fit of the point source synthetics to the observations gives direct support for this assertion. The residual waveform mismatch error varies somewhat, but not in a fashion simply linked to the shape of the source time functions or the event moment (see • Given that our depth estimates differ from both the CMT values and earthquake bulletin values, we seek to confirm that the events are truly on the megathrust, and not intraplate ruptures. Plate i shows our depth and duration data plotted as a function of distance perpendicular to the regional trench axis. This distance was measured using bathymetry maps to track the trench axis. Events located within the dashed gray boxes are considered likely to lie on the main plate interface, which may itself involve multiple thrust planes, within a 4-5-10 km region. Those events which lie outside the box may either be mislocated (laterally or in depth), are intraplate earthquakes with thrust mechanisms similar to underthrusting at the plate boundary, or are thrust events occurring in the accretionary wedge above the seismogenic zone. The events define dipping plate interfaces in each region, with some of the scatter attributable to changes in plate geometry. The distributions are much tighter than provided by either the CMT or earthquake bulletin locations, so our depth estimation process generally appears to have succeeded. In regions that exhibit a lot of scatter and where there is significant along-strike geometry change, we binned the data to ensure that we include only events that are confidently identified as interplate thrust events. The data still show a decrease in source duration with increasing depth along the plate interface for each region, 
ALASKA-ALEUTIAN ISLANDS DATASET
The strong pattern and large number of data in Figure 12 for the Alaska-Aleutian Islands region prompted a more detailed look at the seismic parameters for events in this area. There have been many great earthquakes as well as tsunami earthquakes in this region, which emphasizes the importance of understanding the nature of the seismogenic zone here. Figure 13a shows the locations of the events analyzed for the AlaskaAleutian Islands region; a total of 74 earthquakes from 1989 to 1997. We consider the patterns in the data in both depth and along-strike bins. As data accumulate, it may prove viable to map out lateral variations in faulting complexity and coupling depth in greater detail, but the present results indicate that rather subtle variations will be found.
DISCUSSION
Further mapping out of lateral variations in behavior of earthquake ruptures within each zone and between zones remains a desirable goal, but for the remainder of this study we focus on the common depth-dependence apparent in Figure 11c . Seismological analysis reveals only gross attributes of the source energy release, and there is substantial non-uniqueness when interpreting source time function characteristics in terms of dynamical behavior. We will consider several simple endmember possibilities to frame the problem. One possible explanation for the observed variations in source duration is systematic variation with depth of rigidity of the material in the seismogenic zone. This is an extension of the notion that tsunami earthquakes have slow rupture velocities because the slip occurs in low rigidity sediments at very shallow depths. Rigidity is a key material property that can be related to source duration through its direct influence on shear wave velocity. catalog moments and a constant /• -3.5 km/s. The shear wave velocity will likely vary with depth because of rigidity variations with depth, but we use a constant value for simplicity for these calculations. This model predicts that stress drop increases with increasing depth ranging over an order of magnitude. This is certainly plausible, however, a study of dynamic stress drop for recent large earthquakes shows that the stress drop estimated from source time functions is basically constant for the events once the change in shear velocity (and therefore rigidity variations) with depth and region is taken into account [Ruff, 1998 ]. Efforts to improve our ability to estimate rupture dimensions for moderate size events are essential if we are to resolve the trade-off between fault area and rupture velocity variations.
The discussion above invokes very simple notions of earthquake mechanics, either with rupture velocity being controlled by volumetrically averaged rigidity and shear velocity variations, or with variable static stress drop resulting from depth-dependent changes in frictional behavior. It is likely that such effects could be coupled, with low rigidity regions tending to have larger fault areas, so that the true explanation lies in between. However, perhaps the most plausible model is one in which the micromechanical properties of the fault zone influence the macroscopic earthquake rupture. In particular, porous sediments at shallow depths in the seismogenic zone may be fluid saturated, with fluids playing a critical role in earthquake slip. Such a model is considered by Kanamori 
